ABSTRACT A Simplified procedure is described for calculating daylight illumination at any point within a room under clear sky conditions, which is consistent with the CIE recommended daylight factor method. The calculation procedure used here separates the light reaching the point being considered into three components; (1) light directly from the sky, (2) light after reflection from external, and (3) internal surfaces. Graphs and tables are developed for these components in order to evolve a calculation procedure which is simple to apply rather than lengthy direct computation from first principles. Finally, a validation case study is presented in order to demonstrate the accuracy of the proposed calculation procedure and to give readers a direct reference future use.
INTRODUCTION
Daylight has traditionally been an integral part of building design for the vast majority of buildings. Candles, kerosene lamps and gas lamps were used for illumination only at night and their lighting quality was very poor.
Building forms tended to be narrow, with high ceilings and large windows, so that daylight could be used to the best advantage. With the invention of the fluorescent lamp and HVAC systems, deep bay building forms started to appear which had an increased reliance on artificial lighting rather than daylighting as a means of satisfying illumination during daylight hours. Today as energy has become a significant problem for building designers, daylighting after years of neglect is being "rediscovered" as an important tool for energy conservation in buildings.
Procedures for calculating illumination from natural sources first became available during the last half of the nineteenth century. Since then the 1 literature on daylighting calculation procedures has become extensive. The procedures presently available can be divided into two main bodies, those using 2 3 the lumen method, and those using the daylight factor method.
The lumen method, which is primarily used in the United States, is based on a series of physical model measurements conducted in Texas in the early 1950's, whose results were used in developing a "coefficient of utilization" 4 approach. This method can consider both overcast and clear sky conditions; it assumes that the illumination contribution to the window is uniformly dis~ tributed across the surface of the window. This assumption results in this method being applicable only for a limited range of window configurations and accurate only for points that are situated along a line normal to the center of the window.
The daylight factor method, which is recommended by the CIE (Commission Internationale de l'Eclairage), is used in Europe, particularly in Britain where the method was first developed. Design aids based upon the daylight factor method such as diagrams, graphs, tables and protractors have been developed to determine daylight factors at various stages of the design process. Unlike the lumen method, the daylight factor method is derived from first principles which enables it to accurately calculate daylight at any point within a room and be applicable to a wide range of window configurations, However, this method presently considers only uniform and overcast sky conditions, Various procedures for expanding the daylight factor method 5-8 to include clear skies have been discussed in the literature.
Unfortunately, these procedures were either incomplete, too complex or involved long periods of expensive design time. Therefore, it became necessary to develop a simplified daylighting design procedure which will expand the daylight factor method to include clear skies.
A DAYLIGHT FACTOR PROCEDURE FOR CLEAR SKIES
The daylight factor method is based on the concept of the "daylight 9 , which was developed in Britain in the 1920's. Today, the daylight factor is defined as the ratio between the daylight illumination at a point in the interior and the simultaneous exterior illumination available on a horizontal surface from an unobstructed sky (excluding direct sunlip,ht) expressed as a percentage. The light reaching the point bein~ considered is separated into three paths (see Figure 1 ): light directly from the sky (Sky Component of SC); light after reflection from external surfaces (Externally Reflected Component or ERC); and light after reflection from internal sur-(Internally Reflected Component or IRC). The total for these three components gives the daylight factor, which is simply expressed as:
The sky component is the ratio between the daylight illumination at a point in the interior which is received directly from the sky and the simultaneous exterior illumination available on a horizontal surface from an unobstructed sky. The clear sky luminance distribution that will be used to calculate the sky component is consistent with the function presently being azimuth. see Figure 7 • The window illustrated in Figure 5 is positione u west of the sun or -90° from the sun which is always assumed to be 0° on the azimuth. scale. Figure 8 illustrates the coordinate system used to determine the pos:ttion of the window. The values contained within the window outline in Figure 7 are then summed to provide the sky component. Thus the sky component for this window would he 6.4%.
Although the Waldram diagram can be applied to a wide variety of circumstances, their construction does tend to be tedious. Therefore, it became necessary to develop a procedure for more rapid estimation of the sky component, This was done by obtaining sky components for various window configurations from the Waldram diagram and plotting them on a graph (see Figure 9 ).
Graphs for every 45° in orientation of window-wall to solar azimuth (8 graphs for every 10 of solar altitude) were derived in this manner; however, only one graph is presented here.
In order to use these graphs it is necessary to know; The internally reflected component is the ratio between the daylight illumination at a point in the interior which is received after being interreflected off interior surfaces and the simultaneous exterior illumination available on a horizontal surface from an unobstructed sky. Presently there are two approaches for calculating the internally reflected component, the 13 14 split flux method and the more accurate finite difference method, The approach that will be used here is presently limited to the split flux method, the simpler of the two methods. However, this author is in the process of developing a computer program that will solve the simultaneous equations involved in the finite difference method for various window, room and photometric combinations, the results of which, when completed and tabulated will supersede the split flux method.
The split flux method divides the light entering the room into two parts Room utilization factors are obtained from Table 1 simply by intersecting the window area to floor area relationship and wall reflectance (under the appropriate floor reflectance column). For example, a 400 ft 2 room with a ceiling reflectance of 70%, floor reflectance of 40%, wall reflectance of 60%
and with the window illustrated in Figure 5 (ratio of window to floor of 1:2.9)
would have a Ufw of 1.07 and a Ucw of 1.43.
The window factors for both the sky fs and ground fg are the only re~ maining unknowns to be determined before the above formula can be entered.
The window factor for the sky has been predetermined and can be found by looking at the top right hand corner of Figure 9 , while the window factor for the ground is calculated as follows:
where Esun The sky component for the 49 reference points illustrated in Figure 11 were determined from Figure 9 . and are presented in Table 2 .
The externally reflected component was omitted because no obstructions are present,
The internally reflected component's room utilization factor Ufw and Dew were determined from Table 1 to be 1.10 and 1.47 respectively. The window factor for the sky fs is 0.50 (from top right hand corner of Figure 9 ). while the window factor for the ground fg was calculated as follows:
E sky (5192 + 137lf) X ,20 X 0.5 "" .48
With these values known the average internally :reflected component was determined as follows: ( .85x96 "" 1600 (,5 X 1.10 + .48 X 1.47) X 100%"" 6.4%
The daylight factor is determined by adding the internally reflected component of 6.4% to the 49 sky component values presented in Table 2 . Daylight factors for the 49 points are presented in Table 3 . Finally. the daylight factors are multiplied by the horizontal illumination available from an unobstructed sky (1374 footcandles) in order to determine the daylight illumination incident on the reference points. The daylight illumination for the 49 reference points are presented in Table 4 , Lumen II Daylighting Anaysis:
A Lumen II daylighting analysis was performed utilizing the same para~ meters assumed in the previous analysis, The daylight illumination for the 49 reference points are presented in Table 5 .
Comparison of Analyses:
The percent difference between the Daylight Factor Procedure and Lumen II were calculated and are presented in Table 6 . From Table 6 it can be observed that except for 4 reference points near the rear of the room, the Daylight
Factor Procedure results are within ± 5% of Lumen II results. In addition, the difference between the averages is 1.1 footcandles, the ratio of the aver- -25- ********************************** DAYLIGHT FACTOR PROCEDURE ANALYSIS ********************************** Table 3 , ********************************** DAYLIGHT FACTOR PROCEDURE ANALYSIS ********************************** ****************************************** Table 4 .
********************************** DAYLIGHT FACTOR PROCEDURE ANALYSIS ********************************* ****************************************** Table 6 . ***************************************************************** PERCENT DIFFERENCE BETWEEN DAYLIGHT FACTOR PROCEDURE AND LUMEN II ***************************************************************** *******************************************
